Negative capacitance in optically sensitive metal-insulator-semiconductor-metal structures J. Appl. Phys. 120, 224502 (2016) [Ti] generate twinning planes and a rougher surface in the non-stoichiometric BTO layers. XRD allows us to follow the evolution of the lattice constants as a function of the [Ba]/[Ti] ratio, providing an option for tuning the tetragonality of the BTO layer. In addition, we found that the intensity ratio of the 3 lowest-order Bragg peaks I (001) / I (002) , I (101) /I (002), and I (111) /I (002) derived from x À 2h scans characteristically depend on the BTO stoichiometry. To explain the relation between observed diffraction patterns and the stoichiometry of the BTO films, we propose a model based on diffraction theory explaining how excess [Ba] or [Ti] in the layer influences the diffraction response. Published by AIP Publishing.
I. INTRODUCTION
Given the unique physical properties of thin-film perovskite oxides (ABO 3 ), exhibiting at the same time strong ferroelectric, piezo-electric, and electro-optical effects, their monolithic integration with compound semiconductors offers many new degrees of freedom for advanced device generations. [1] [2] [3] It is widely reported that the above-mentioned effects are superior in single crystalline ABO 3 compared to any other crystal type. [4] [5] [6] However, obtaining high-quality integration of crystalline ABO 3 with semiconductors remains challenging due to the huge discrepancy in their respective crystal lattices and chemical properties. 5, 6 The path towards the integration of crystalline ABO 3 thin films with semiconductors was not opened until the late 1990s. McKee et al. utilized an alkaline earth metal submonolayer to achieve high quality SrTiO 3 (STO) epitaxy on Si by molecular beam epitaxy (MBE). 7 Since then, the epitaxy of STO onto Si substrates was heavily investigated, given its excellent compatibility with several other functional oxides and its interesting material characteristics. [8] [9] [10] Nevertheless, its properties are highly dependent on the exact epitaxial conditions such as substrates used, growth temperature, and, especially, stoichiometry. [11] [12] [13] [14] Even if several techniques for realizing high quality STO thin film have been developed, [15] [16] [17] avoiding local or global non-stoichiometry is still difficult. 18 In order to well control material properties, it is important to develop an efficient method to understand the stoichiometry inside the layer during and after the growth. To evaluate the composition of the STO layer, several diffraction techniques are commonly applied. [19] [20] [21] During the growth, many groups utilize reflection high energy electron diffraction (RHEED) to monitor the Sr and Ti flux ratio ([Sr]/[Ti]) in the layer in real-time, and to control the composition. 19, 20 After the growth, the out-of-plane lattice constants retrieved from a x À 2h scan along the [001] axis in X-ray diffraction (XRD) can also qualitatively reveal the ratio [Sr]/[Ti]. 19, 21 However, for other ABO 3 oxides, these are much less discussed than for STO. Even though all ABO 3 have a similar crystal structure, the different electron numbers, atom sizes, and composition from various elements will still lead to different diffraction behaviors. 22 Given its strong ferroelectric and electro-optical properties, lead-free BaTiO 3 (BTO) has been studied for over 70 years. 23, 24 With the successful development of an STO on the Si epitaxial process, also BTO recently is getting considerable research interest, in particular, for the integration in novel Si-based devices. For example, the authors of Refs. 2 and 25 showed high speed silicon integrated modulators, exploiting the excellent electro-optical properties of a hybrid integrated BTO layer. However, as with STO, the characteristics of such BTO layers are greatly dependent on the Published by AIP Publishing. 120, 225114-1 composition, [26] [27] [28] so accurately controlling the stoichiometry of the deposited BTO is crucial.
Therefore, in this work, we will mainly investigate the impact of the stoichiometry of an epitaxially grown BTO layer on its diffraction characteristics. The BTO layers are grown by MBE onto Ge(001), which has a quasi-zero lattice mismatch to BTO in a 45 crystal rotation epitaxial relationship. 29 First, the [Ba]/[Ti] ratio is measured by Rutherford backscattering spectroscopy (RBS). Then, the results of RHEED, XRD, and transmission electron microscope (TEM) experiments are systematically presented and discussed. Moreover, a model for the diffraction by nonstoichiometric BTO is developed, which explains several of the unique observations in our experiments.
II. EXPERIMENTS
Four samples with various [Ba]/[Ti] ratios and denoted A to D were prepared. All of them were grown on a 4-in. Ge(001) substrate in a Riber49 200 mm production MBE reactor. Ti metal is evaporated with an electron beam controlled by a feedback loop from a mass spectrometer to keep a constant flux during growth. The Ba atomic flux is obtained using a standard Knudsen effusion cell and the [Ba]/[Ti] flux ratio is tuned with the help of a quartz crystal microbalance. A remote plasma source is used to produce atomic oxygen during the growth.
Prior to BTO deposition, the Ge native oxide was thermally desorbed by heating the substrate to 800 C for 30 min, resulting in a bright (2 Â 1) RHEED reconstruction pattern. In order to accommodate both BTO and Ge lattices, a 45 rotation of the BTO lattice with respect to Ge substrate is required and is initiated via inserting a 0.5 monolayer BaO between BTO and Ge. 29 This BaO layer is realized by growing a 0.5 monolayer (ML) of Ba at 550 C resulting in a 2 Â 1 Ba-Ge(001) surface followed by oxygen exposure. The substrate temperature is then increased to 630 C for BTO growth under an oxygen $1. Figure 1 presents the evolution of the RHEED diffraction patterns and the corresponding schematics for the samples A, B, C, and D. In Figure 1 (a), sample A with À90%
[Ba] excess in the BTO shows spotty RHEED patterns indicating 3D growth with rough surface. The corresponding miller-indexed planes can be defined from the tetragonal BTO crystal lattice. Given the excess [Ti], the oxygen content in the BTO is decreased, leading to both Ti-rich and oxygen-deficient BTO compounds, BaTi 1þD O 3Àd . 30 It has been reported that oxygen-deficient BTO contains (111) BTO twins, 31, 32 which can be observed in the RHEED patterns along [100] BTO in Figure 1 samples still exhibit the same epitaxial relationship with the Ge-substrate, h100iBTO(001)//h110iGe(001), i.e., a 45 inplane rotation of the BTO lattice with respect to the Ge lattice. Such 4-fold symmetry also corresponds with azimuthal RHEED scans for all the samples. The symmetrical x À 2h scan along the [001] BTO direction shown in Figure 2 (b) reveals that all BTO layers are seemingly single-crystalline, only showing (00 l) BTO Bragg reflection peaks. However, for sample A, the first-order Bragg peak, (001) BTO , is missing. This, to some extent, agrees with the absence of some RHEED reflections in sample A, confirming the diffraction behavior changes due to the [Ti] excess. Also, an asymmetrical x À 2h scan along [101] BTO is conducted and shows a poly-crystalline diffraction spectrum with multiple peaks for all samples except for sample C. These multipeaks can be filtered by using a narrower slit (<1 ) in front of the XRD detector or using a detector in the triple-axis configuration. They result from the poly-crystalline and nonstoichiometric BaO and TiO 2 compounds contained in the films such as Ba 2 TiO 4 , BaTi 2 O 5 , BaTi 4 O 9 , etc. 28 The diffraction spectra for these compounds are too complicated to be resolved with our measurement setup. 35, 36 Among the different peaks in the spectrum, the (101) BTO peak can be identified by /-scan measurements: only the (101) BTO peak belonging to epitaxial BTO can show 4-fold symmetry as shown in Figure 2(a) . From the /-scan of (101) BTO BTO . 37 Yet, it is important to realize that the general x À 2h scan along [001] BTO is not sufficient to determine the crystalline quality of the layer.
To understand the XRD diffraction behavior as function of the [Ba]/[Ti] ratio, the intensity ratio of the three lowestordered Bragg peaks ((001) BTO , (101) BTO , and (111) BTO ) relative to the (002) BTO peak is calculated and summarized in Figure 3 . Note that only sample A does not show (001) BTO , (101) BTO , and (111) BTO . We can observe that the ratio I (001) / I (002) is increasing with increasing Ba-content in the BTO. On the other hand, I (101) /I (002) and I (111)/ I (002) decrease when evolving from Ti-rich to Ba-rich BTO. When further increasing the [Ba] content, those ratios are increasing again, even above those obtained for sample B, which is closer to the ideal stoichiometric condition. We will discuss the observed variations and the relation to our model later in this paper.
From the symmetric and asymmetric x À 2h scans shown in Figure 2 , the in-plane and out-of-plane lattice constants for sample B to sample D can be calculated. Yet, to determine the in-plane lattice constant of sample A, we have to rely on the x À 2h scan of (224) BTO (not shown here) because the (101) BTO and (111) BTO peaks are missing. The out-of-plane lattice constant, a ? , and the in-plane lattice constant, a k , are summarized in Figure 4 36 Therefore, when evaluating the tetragonality (a ? /a k ) to understand the BTO polarization in Figure 4 (b), sample D with 28% [Ba] excess shows a dramatic increment, indicating strong out-of-plane polarization. All other samples show a ? /a k below 1, indicating the in-plane polarization. This is believed to stem from the large mismatch in the thermal expansion coefficients of BTO (a BTO ¼ 1.1 Â 10 À5 K
À1
) and Ge (a Ge ¼ 5.8 Â 10 À6 K
). 38, 39 In order to qualitatively explain this, we assume that, during the growth, the crystal lattice of BTO is matched to the Ge lattice. Hence, the lattice constant for BTO and Ge at the growth temperature of 630 C can be written as a (20-630) ], respectively. Consequently, since a BTO is larger than a Ge , the BTO layer will experience tensile strain from the Ge substrate driving the polarization to lie in the plane of the surface. 40 Summarizing, from our studies, the stoichiometry of the BTO-sample also provides a route to control its tetragonality, optimizing it for a given device application. Figure 2 . However, compared to sample A, the SAED pattern for sample B shows more diffraction spots. It confirms that the 90% excessive [Ti] generates a change in the diffraction behavior, explaining the observed diffraction behavior of the different BTO layers. Given the resolution of the measurement, the difference between the lattice constants a ? and a k cannot be resolved from the SAED patterns though.
IV. DISCUSSION
To qualitatively understand the relation between the observed diffraction patterns and the ratio [Ba]/[Ti], we calculate the peak diffraction intensity and position corresponding to various planes simply based on diffraction theory without considering instrument geometry. 22 In the calculation, we assume the BTO structure is cubic for simplicity. The diffraction intensity can be described by the following formula:
where k is the beam wavelength, F hkl is the structure factor of the miller-indexed (hkl) plane, M is the multiplicity of the (hkl) (in the cubic BTO system, M ¼ 6 for {001} and {002}; M ¼ 12 for {110}; and M ¼ 8 for {111}), L.P. is the Lorentzpolarization factor, V c is the BTO unit cell volume, and l q is the beam absorption in the layers. F hkl and L.P are given by the following relations: where f Ti , f Ba , and f O are the atomic form factors of Ti, Ba, and O, respectively, and h hkl is the Bragg peak position for a given plane (hkl). Due to the large atomic form factor of Ba, there are no (hkl) conditions for which the structure factor F hkl disappears. In addition, according to formula (3), the lower order peaks at low h hkl show a relatively large L.P. factor value, giving larger diffraction intensity. Therefore, all reflections of stoichiometric BTO should be clearly observable. For sample A, however, with 90% excessive [Ti], the 3 lowest-ordered Bragg's peaks: (001) BTO , (101) BTO , and (111) BTO are missing in the RHEED patterns ( Figure 1 ) as well as in the XRD (Figure 2 ) and TEM ( Figure 5) figures, indicating the extra [Ti] results in a unique diffraction phenomenon. To understand this, we consider the Ba x TiO z compound with Ba composition x from 0 to 1, and oxygen content z from 0 to 2 þ x, assuming charge neutrality. We further assume the atomic form factor of deficient [Ba] and oxygen can be expressed by xf Ba and zf O /3, respectively. Then, combining formula 1 with 3, taking into account those non-stoichiometric atomic form factors, the diffraction intensity for each plane (hkl) can be derived. In order to see how the stoichiometry influences the diffraction pattern, we evaluate again the intensity ratio of the 3 lowestordered peaks with respect to the (002) The resulting triangular region shows that sample A is not only Ti-rich but also oxygen-deficient. From RBS, we found a [Ba] deficiency of À90% for sample A, which is beyond the lower bound of the triangular area (À80%). Yet, from the XRD-data shown in Figure 2 , we know that some polytitanate compounds formed in sample A and precipitated in the grain boundaries of twinned (111) BTO , evidenced by multi-peaks in the x À 2h scan of the (101) BTO and (111) BTO planes. Therefore, we can infer that more than 10% [Ti] is not incorporated in the BTO lattice but forms a poly-titanate. Besides, the lattice expansion observed in Figure 4 indicates that plenty of V o exists in sample A, in agreement with Figure 6 (d). This explains the disappearance of the 3 lowestordered Bragg peaks for sample A, as observed in our diffraction analysis.
To describe the Ba-rich samples, we use BaTi y O z as our model, where y ranges from 0 to 1 and z from 0 to 2 þ y. Similar to the Ti-rich case, we assume the atomic form Comparing the experimental results of Figure 3 and the modelling results presented in Figures 6 and 7 , the trend of the relative diffraction efficiencies I (001) /I (002) , I (101) /I (002) , and I (111) /I (002) with stoichiometry can be further discussed. In . This is in agreement with the experiments for I (001) /I (002) but not for I (101) /I (002) in the whole case, which, as can be seen from Figure 3 , with increasing the [Ba] content from À4% (sample B) to 8% (sample C), increases. This disagreement might result from the calculation which does not take the setup geometry into account. Figure 7 (c) shows a triangular region defining the Ba-rich, oxygen-deficient composition window, where the relative diffraction efficiency I (111) /I (002) is smaller than that for stoichiometric BTO. With further increasing [Ba], the ratio I (111) /I (002) will increase again and become larger than for stoichiometric BTO. This trend matches well with the experimental trend seen comparing samples C and D in Figure 3 . Therefore, at least qualitatively, the diffraction models we propose for both Ti-and Ba-rich BTO can explain the experimentally observed phenomena very well.
Interestingly, within the wide literature on STO, and even though STO has the same perovskite crystal structure as BTO, to our knowledge, there is no report of a diffraction behavior similar to what we describe in this work. Since Sr 2þ (36) has less electrons than Ba 2þ (54), the atomic form factor of Sr is also smaller than that of Ba. Therefore, Sr 2þ in an STO-film cannot exhibit such a large electron or X-ray scattering as Ba. Therefore, compared to Ti-rich BTO, the composition window for Ti-rich STO has the 3 lowestordered Bragg peaks missing simultaneously shrinks, as indicated by the dashed lines in Figure 6 
